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Outline
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* Transverse single-spin asymmetries
e TMD and collinear twist-3 (CT3) functions

» TMD and CT3 observables

* Sivers and Collins effects
* Ayinpp > {y,n} X
> Relations between TMD and CT3 functions

* Parton model
* QCD (CSS formalism)

» Towards a global analysis of TMD and CT3 observables

» Summary



X PennState D. Pitonyak T M D
Berks Collaboration

Background



'« 3 PennState )
'; ,:, Bali D. Pitonyak OII@ P
ollaporarton

eN— e h X

Seolo7 O/7/7e

Sivers ~ sin(¢p, - ¢. ), Collins ~ sin(¢p, + P, ), ...

Thrust axis 71

Collins ~ cos(¢p, + ¢, ), ...
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lepton plane

Sivers ~ sin(¢._ ) (lepton pair) / Sivers ~ cos(qSW/z) (boson) A\~ do,—do,



'« 3 PennState .
g B D. Pitonyak OII@ P
ollaporarion

TMD PDFs (x, k) I TMD FFs (z,p1) I
q pol. q pol.
m U L T H pol. U L T
1
1 1
L gir | hy; L Gir | Hi;
1 hit n Hir
T 1T T D G i
f 1T g hllT 1T 1T H;i-
(Mulders, Tangerman (1996); Goeke, Metz, Schlegel (2005)) (Boer, Jakob, Mulders (1997))
| |
| 4 | \}
| BiSh g | h
Z, kT | 1/ ,,4' | ‘\\
4 \
_— e Z,, b g : >




PennState
Berks

D. Pitonyak OT m D
Collaboration

CT3 PDF (x) CT3 PDF (x, x,) CT3 FF (2) CT3 FF (2, 2))
Hadron ' ‘ @ ,"’ ' \‘\ i : k!
intrinsic | kinematical dynamical intrinsic y kinematical dynamical I
1(1) 1(1 AR
ul e |n; Hpy E,H|H Y| HNT
1(1) 1(1) ~ RS
L | hr | hig Hry, Hp,Er| Hy; Hy;
1(1) DL
e 1T | HR,S ARS
adir Gir




geeﬂf:nState D. Pitonyak OT m D
Collaboration

TMD and CT3 Observables
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Drell-Yan Sivers effect

RHIC, STAR (2016)
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SIDIS Sivers effect ( sin(¢p, - ¢, ))
HERMES (2009)
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Anselmino, et al. (2017)
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Echevarria, et al. (2014)
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SIDIS Collins effect ( sin(¢p, + ¢.))
COMPASS (2015)

R *

e R Tt
0.05 ¢§4, -
=S oK ; ] - }

: {41 l

¢ Jw*h KIRSS UATEE
a rpl | cLoe
m:ol K * % + ’ }

4 im b IR 0 O bt 4
-y -1
B K ]Iz o5 1 ” (l(}SeV/c)

Also data from JLab Hall A (2011,

2014) and HERMES

sin iL P
FUT(¢h+¢S) —cl— ]WZZLL h1H1L

e*e Collins effect ( cos(2¢,) )

TMD

Collaboration

Belle (2008)
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Anselmino, et al. (2015) Kang, et al. (2016)
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Ayinpp->y X
VS =200Gev,n =30 VS =510GeV,n =30
A?;. — Total A};i — Total
P -- x-¢SGP ] -- x-¢SGP
--=- ¥-0 SGP [ --=- ¥-0 SGP
-0.01} -.-Yy-eSFP —0.005; -.-y-e SFP
-0.02- [
: -0.010}
-0.03 :
[ -0.015}
-0.04/

(Kanazawa, Koike, Metz, DP — PRD 91 (2015))
(See also Gamberg, Kang, Prokudin (2013))

Qiu-Sterman term is the main
cause of A, in pp ->y X

dAc? ~ H® fi @ Fpr(x,x)

N\

Qiu-Sterman function
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A, in pp -> t X — PUZZLE FOR 40+ YEARS!
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RHIC, PHENIX (2014)
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Ag™ ~ HJ—(l) H/ FU
dAg ~ ®< (1/z—1/2)

(Metz and DP - PLB 723 (2013))
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Ag™ ~ HL(l) H/ H gy,
207~ ®< (17— 1/

(Metz and DP - PLB 723 (2013))

1(1), > dz 1 5, S QCD e.o.m.
H%(z) = =2z H, ( )q(z) 22 / 2 1 1 H%U (2,21 relation
1oz T % (EOMR)
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. 1) 7 HE,
dAc™ ~ hy ® <H1 7I_I’/(l/z—l/zlp)

T (1-ed ) 0 - 2 [T G FEEAL | ian

invariance
dz 1 z Z% (1/2 —1/z)? relation (LIR)

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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oA
dAO'WNh]_(X) HlJ_(l),H,/< FU

\ 4

1/2’—1/21)2

dAG™ ~ hy ® (Hf(l), ﬁ)

0.15— i
o P'P= n° X, /s =200 (GeV), (y )=3.7

Transvrsiy Fragmentation term is the main
cause of A, in pp ->mt X

0.05
We can constrain transversity at

large x with A, data from RHIC!

-0.05 —

XE

(Gamberg, Kang, DP, Prokudin, PLB 770 (2017))
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Relations between TMD and CT3 Functions

(and other relevant issues...)
Ongoing work with L. Gamberg, Z. Kang, A. Metz, A. Prokudin, T. Rogers, N. Sato, ...
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Parton Model

TMD CT2

/d% fi@,k2) = fi(x)

TMD CT2

2’ /dQﬁL Dy(z,2°p7) = Di(z)
TMD kinematical CT3 dynamical CT3
.k - e
/d2kT 2]\52 fir (@ k) lgps = flT( )(w)}SIDIS = nFpr(z,x)

Boer, Mulder, Pijlman (2003); Meissner (2009); ...

TMD kinematical CT3
2 - ZZﬁi 1 2 2 1(1)
d“pL oN2 Hi (z,2°py) = H; 7(2)
h
Yuan and Zhou (2009)
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QCD - Original CSS

(Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

fTbT[fl(w,E?p;Qz,uQ)} ~ (C’fl(as/fc,b*(bT);ui*,ub*,g(ub*))®f1(fif;ub*))

X exp [_Spert(b*(bT)§ﬂb*vQ’“Q) N SJJ:%P(bT’ Q)}
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QCD - Original CSS

(Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

fTbT[fl(w,E?p;Qz,uQ)} ~ (C’fl(as/fc,b*(bT);ui*,ub*,g(ub*))®f1(i;ub*))

X exp [_Spert(b*(bT)§ﬂb*vQ’“Q) N SJJ:%P(bT’ Q)}

/

perturbative Sudakov factor non-perturbative Sudakov factor
% He d ' / / /
—In(Q/ v, ) K (bs, 1y, —/ % Y(g('); 1) = vx (9(1') In(Q/ 1) gr. (z,br) + gr (br) In(Q/Qo)
Hb
‘ : o |
same for unpol. and pol. different for ~ universal

each TMD
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QCD - Original CSS

(Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

fTbT[fl(w,E?p;Qz,uQ)} ~ (C’fl(as/fc,b*(bT);ui*,ub*,g(ub*))®f1(i;ub*))

X exp [_Spert(b*(bT)§ﬂb*vQ’“Q) N SJJ:%P(bT’ Q)}

/

perturbative Sudakov factor non-perturbative Sudakov factor
% He d ' / / /

—In(Q/ v, ) K (bs, s, ) —/ % Y(g(p'); 1) = vx (9(p') In(Q /)] gr, (x,br) + gk (br) In(Q/ Qo)

Hb
‘ , b ,

same for unpol. and pol. different for ~ universal
each TMD
be(br) = b7 = Oy /b
=N TR, T T

Note: b, (0) = 0 and (up, )b, —0 = 00
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QCD - Original CSS

(Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

fTbT[fl(w,E?p;Qz,uQ)} ~ (C’fl(as/fc,b*(bT);ui*,ub*,g(ub*))®f1(fif;ub*))

X exp [_Spert(b*(bT)§ﬂb*vQ’“Q) N SJJ:%P(bT’ Q)}

FTy|D1(2, 2%P7;Q% nq)] ~ (éD1<Z/27b*(bT>;Mg*aﬂb*ag(Nb*))®D1(2§I~Lb*))

X exp [_Spefrt(b* (bT)7 Hb., Q? MQ) o Sﬁ}j(bT’ Q)}
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QCD - Original CSS

(Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

fTbT[fl(w,E?p;Qz,uQ)} ~ (C’fl(as/fc,b*(bT);ui*,ub*,g(ub*))®f1(fif;ub*))

X exp [_Spert(b*(bT)§ﬂb*vQ’“Q) N SJJ:%P(bT’ Q)}

FTy|D1(2, 2%P7;Q% nq)] ~ (éD1<Z/27b*(bT>;Mg*aﬂb*ag(Nb*))®D1(2§I~Lb*))

X exp [_Spefrt(b* (bT)7 Hb., Q? MQ) o Sﬁ}j(bT’ Q)}

1 0

bT (%T ,’/t,]'bT[flT(m k 27 /-LQ)} ~ (éf%T(aA?la 5%27 b*(bT); Mg* ) Nb*ag(ﬂb*)) 03¢ FFT(QAH, :132; [,Lb*))

i1
X exp {_Speﬁ(b* (b7); .. @, ) — Sy p(br, Q)]
Aybat, Collins, Qiu, Rogers (2012); Echevarria, Idilbi, Kang, Vitev (2014); ...



'« 3 PennState i
';; ,:, Bali D. Pitonyak OII@ P
ollaporarton

QCD - Original CSS

(Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

fTbT[fl(w,E?p;Qz,uQ)} ~ (C’fl(as/fc,b*(bT);ui*,ub*,g(ub*))®f1(fif;ub*))

X exp [_Spert(b*(bT)§ﬂb*vQ’“Q) N SJJ:%P(bT’ Q)}

FTy|D1(2, 2%P7;Q% nq)] ~ (éD1<Z/27b*(bT>;Mg*aﬂb*ag(Nb*))®D1(2§I~Lb*))

X exp [_Spefrt(b* (bT)7 Hb., Q? MQ) o Sﬁ}j(bT’ Q)}

1 0

bT (%T ,’/t,]'bT[flT(m k 27 /-LQ)} ~ (éf%T(aA?la 5%27 b*(bT); Mg* ) Nb*ag(ﬂb*)) 03¢ FFT(QAH, :132; [,Lb*))

i1
X exp {_Speﬁ(b* (b7); .. @, ) — Sy p(br, Q)]
Aybat, Collins, Qiu, Rogers (2012); Echevarria, Idilbi, Kang, Vitev (2014); ...

1 0

~ 1 N N
b 3o ——FTo, [Hi (2,257 Q% pnq)]  ~ (CHl (Z/Zpb*(bT)Qﬂg*:ﬂb*ag(ﬂb*))®H1J_(1)(Z§Hb*))

X exp {_Spert(b*wT);Mb*an“Q) - Sﬁ;(bT’ Q)]

Echevarria, Idilbi, Scimemi (2014); Kang, Prokudin, Sun, Yuan (2015); ...
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QCD - Original CSS

(Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

For TSSAs (LO in C-factors)...

1 0

b oo T Fir (@ R Q% Q)| ~ Fer(e,as o) exp [~ Spert (b2 (br): . Q1) - SiE(0r,Q)]

1 0

by dbr N ]

— FTo [Hi (2, 225%;Q% 1q)]  ~ Hi (25 ps.) exp [_Spert(b*(bT);,ub*anuQ) — Syp(br, Q)
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QCD - Original CSS

(Collins, Soper, Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

For TSSAs (LO in C-factors)...

1 0
by dbr

o FTon| Pl (@ 33 Q% 1)~ [Fr (@, @3 16.)|exp | =Spers(bu (br); 1., Q. 1) = SHp (br, Q)]

1 0
by dbr

S FT[H (22525 Q% 1))~ [H Y (2 10)|exp [~ Spert (b (b0 0., Qs 1) — S (b7, Q)]

The CT3 functions are what get extracted in analyses of TSSAs
in TMD processes that use full TMD (CSS) evolution!
(Echevarria, Idilbi, Kang, Vitev (2014); Kang, Prokudin, Sun, Yuan (2016))
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hla FFT9 HlJ_(l)

This is NOT a
“new” function!

Z-axis

lepton plane
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Asm Ps .
in SIDIS integrated over P (Mulders, Tangerman (1996);

Bacchetta, et al. (2007))

sin 2Mh a ﬁa(Z)
FUT¢S X Z e; O hl(x)—z

Asm Ps .
in e‘e” > h,h, Xintegrated over g; (oer, jakob, Mulders (1997))

2M. D3 (z) 2M; H(z) ...
Sln¢s 2 Da T 2 1 1 Ha
: Z ( (=) 29 - Q 21 1(z2)

And also the TMD version of these (and other) observables (but with many more terms)

-Note: data from COMPASS, HERMES, and Belle show nonzero effects for the
unintegrated version of the above asymmetries
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We've seen that the naive relations in the parton model between TMDs and collinear
functions become much more complicated in full QCD. Nevertheless, we would expect at LO
to recover parton model results from the full QCD ones.

Let’s analyze the differential cross section in SIDIS to see if this occurs.
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W+Y Method — Original CSS
(Collins, Soper Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

[(gr, Q) = do — W(ar, Q) + Y (ar, Q) + O((m/Q)°) {4z, Q)

- dxdydpsdzdey, (Zqu%)/ \ \

gy << Qregion gr~ Qregion error term
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W-+Y Method — Original CSS

(Collins, Soper Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

_ do _ c

e ~N N

gy << Qregion gr~ Qregion error term

A note on the “error term” in the region m << g, << Q:

m~1/A, qg;~1, Q~A -> error ~ (1/A2)¢

unpolarized: W & Y are both O(1)

Sivers (“twist-3”): W & Y are both O(1/A) (see, e.g., Bacchetta, et al. (2008))

= W+Y method gives an error term that is suppressed in both cases
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W-+Y Method — Original CSS

(Collins, Soper Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

do
I'(qr,Q) = = Wi(qr,Q) +Y(qr,Q) + O((m/Q)°) I'(qr, Q)
dxdydpsdzdén(22dqs) - N N
g, << Qregion g, "~ Qregion error term
d2br

Wiqr,Q) =/(27T)2 eiqT-BTW(bT,Q)
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W+Y Method — Original CSS
(Collins, Soper Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

[(gr, Q) = do — W(ar, Q) + Y (ar, Q) + O((m/Q)°) {4z, Q)

- dxdydpsdzdey, (szq%)/ \ \

gy << Qregion gr~ Qregion error term

2br . o~
W (g, Q) = / (%)TQ T (b O)

W(br, Q) = Z Hj(pg, Q) [FUU + 15 1| sin(dn, — bs) 7?9 4 . ]

J

FUU = ff/p(ﬂf, br; Q27 MQ) [7:?/‘7(27 br; QQ» MQ)

sin — I; : }Al 1 0 =~ ~ ;
FUT(¢h #s) — e f_jlj/p(ma bT; Q27/LQ) D?/j (Z7bT; Q27NQ)
M br Obr



‘-3 PennState . m
g e D. Pitonyak O;r” . P
ollaporarion

W-+Y Method — Original CSS

(Collins, Soper Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

Just a reminder...

fiw,br: Q% Q) = Fluu| Fi(w, B3 Q% Q)| ~ (CH /0, bu(br)s s 1o, 9(10.)) @ fal@s ) )

X exp [_Spert(b* (b1); po..» Qs Q) — SJ{%P(bT’ Q)}

D (2,7 Q% Q) = FTun[ D12 2251 Q% i) ~ (O3, (b )i i (1. )) © D3,

X exp [_Spert(b* (01); po., @, @) — S]l\?}?(bT’ Q)}

1 9 1 0

_+ o 1 72 . N2
bT (%TflT(zc ,br; Q7 Q) = br Obr FTbT[flT(x7kT7Q 7/‘LQ)i|

~eLl A oA
~ (OFtr(r, 2. bu(br): i, o (1) © Frr(in, 22 pm,) )

X exp {_Spert(b* (bT)§ Hb., Q? :LLQ) SflT (bT Q)}
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W-+Y Method — Original CSS

(Collins, Soper Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

do = Wi(gr, Q) +Y (ar,Q) + O((m/Q)*) T(gr, Q)

dxdydosdzdey, (Z2qu)/ \ \

gy << Qregion gr~ Qregion error term

I'(gr,Q) =

2br . o~
W (g, Q) = / (%)TQ T (b O)

Wbr,Q) =3 Hylug, Q) [Fov + |51 [sin(én — 6,) Fifg ) + .|

J
FUU = ff/p(ﬂf, br; Q27 MQ) [7:?/‘7(27 br; QQ» MQ)

sin }Al 1 0 =~ ; - .
FUT(¢h ?5) = L AL f_fj/p(mvbTQQ27uQ) D?/J(vaT3Q27MQ)
/ M br Obr

NOT associated with the scale evolution
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W-+Y Method — Original CSS

(Collins, Soper Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

TMD (g-<< Q) LO Collinear
TUP (g Q) ~ H {fqu [ (2, br) Dy (2, bT)} } / *GrDqr,Q)| o, ~ Hro [f1(z)D1(2)]
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W-+Y Method — Original CSS

(Collins, Soper Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

TMD (g-<< Q) LO Collinear
TUP (g Q) ~ H {fqu [ (2, br) Dy (2, bT)} } / *GrDqr,Q)| o, ~ Hro [f1(z)D1(2)]

But one finds...

]

~ b7 X (log corrections)
bT—>O

/d2C_TT I(gr, Q) ~ H [fl("f’ br)D1(z, bT)]

Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016)

The g-integrated cross section does NOT reduce to the expected LO collinear result!



D R O V1D

Collaboration

W+Y Method — Original CSS
(Collins, Soper Sterman (1985); Ji, Ma, Yuan (2005); Collins (2011); ...)

TMD (g;<< Q)

LO Collinear
Punp(qT, Q) ~ H {fTQT [fl (3:7 bT)Dl (Z’ bT)} }

/d2CTT L(qr. Q)| ~ Hro [f1(z)D1(2)]

But one finds...

/d2C_TT I(gr, Q) ~ H [fl(“f’ br)D1(z, bT)]

Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016)

~ b7 X (log corrections)

]

bT—>

The g-integrated cross section does NOT reduce to the expected LO collinear result!

And in fact...

~

fl(xabTﬁO)Z/dQETfl(%E%) = 0!

~

Di(e,br = 0) = [ &5, Di(z25) = 0!
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W-+Y Method — Improved CSS

(Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

Source of this issue: S __ . has large logs because, in the original CSS b.-prescription, b«(0) =0

pert

St (b (b2): s Q1) = — TS R (b () ) — A i [%(as(u’);l) —K<a8<u'>>]
My, M
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W-+Y Method — Improved CSS

(Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

Source of this issue: S, _ . has large logs because, in the original CSS b.-prescription, b.(0) =

pert

Spert(b*(bT); Hb, Q7 MQ) = —1In Q—Qk(b* (bT); Hb., ) K d'u [27(043 (:u,)7 1) _K(aS (M,))]
Hp, '

Resolution: Place a lower cut-off on b;. Also, explicitly cut off W at large g;.
qr ngT Z'q'T.ET =
(QT Q) - WNeW(QT Q n, C5) == = n (27_‘_)2 € W(bC(bT)7 Q)

Q?
C.C
where b,(by) = \/b2 +05/(C5Q)? —— pp, is cut off at p. ~ 1b 3¢
0

Note: This also leads to a new Y-term.
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W-+Y Method — Improved CSS

(Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

Source of this issue: S, _ . has large logs because, in the original CSS b.-prescription, b.(0) =

pert

Spert(b*(bT); Hb, Q7 MQ) = —1In Q—Qk(b* (bT); Hb., ) K d'u [27(043 (:u,)7 1) _K(aS (M,))]
Hp, '

Resolution: Place a lower cut-off on b;. Also, explicitly cut off W at large g;.

2oy . on -
W(ar. @) — W, Qi Cs) = E( ) [0 50 17 0ulbr), Q)
Cc.C
where b.(br) = \/62 +02/(C5Q)%2 ——> up, is cut off at . ~ 1b 5Q
0

Note: This also leads to a new Y-term.

With these modifications, one now finds...

/ PG T(gr, Q) = H; 1o £/ (w3 1) DI (2 10) + 0(0(Q)) + O((m/Q)?)
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W-+Y Method — Improved CSS

(Collins, Gamberg, Prokudin, Rogers, Sato, Wang (2016))

Source of this issue: S, _ . has large logs because, in the original CSS b.-prescription, b.(0) =

pert

Spert(b*(bT); Hb, Q7 MQ) = —1In Q—Qk(b* (bT); Hb., ) K d'u [27(043 (:u,)7 1) _K(aS (M,))]
Hp, '

Resolution: Place a lower cut-off on b;. Also, explicitly cut off W at large g;.
qr ngT Z'q'T.ET =
(QT Q) - WNeW(QT Q n, C5) == = n (27_‘_)2 € W(bC(bT)7 Q)

Q?
C.C
where b,(by) = \/b2 +05/(C5Q)? —— pp, is cut off at p. ~ 1b 3¢
0

Note: This also leads to a new Y-term.

With these modifications, one now finds...
/d 7rD(qr, Q) = Hjro fi'P (x5 1e) DY (2 pe) + O(as(Q)) + O((m/Q)P)

Do the same issues arise for TSSAs and can the improved CSS formalism resolve them?
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TMD (g,<< Q) LO Collinear (Twist-3)
r*(gr, Q) ~ H {fT qT[% (é %fﬁ(az, bT)>f71<z, bT)]} / d*Gr e+ T(qr, Q)| ~ Hro [Frr(z,z)Di(2)]

Boer, Mulders (1997);
NLO { Kang, Vitev, Xing (2013); Yoshida (2016)
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TMD (g,<< Q) LO Collinear (Twist-3)
r*(gr, Q) ~ H {fT qT[% (é %fﬁ(az, bT)>f71<z, bT)]} / d*Gr e+ T(qr, Q)| ~ Hro [Frr(z,z)Di(2)]

Boer, Mulders (1997);
NLO { Kang, Vitev, Xing (2013); Yoshida (2016)

Original CSS...
1 0 - ~

/ Pir @S T(qr, Q) ~ H | | — -2 f(a,br) ) Di(z, br)
by Obr

~ b7 x (log corrections) = ()
J

Spert IS same for unpol. and pol.
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TMD (g,<< Q) LO Collinear (Twist-3)
r*(gr, Q) ~ H {fT qT[% (é %fﬁ(az, bT)>f71<z, bT)]} / d*Gr e+ T(qr, Q)| ~ Hro [Frr(z,z)Di(2)]

Boer, Mulders (1997);
NLO { Kang, Vitev, Xing (2013); Yoshida (2016)

Original CSS...

/d2CTT "5 T'(qr, Q) ~ H iifﬁv(:v, br) | D1 (z, br) ~ b% x (log corrections) = ()
br Obr bpo0 ' ]
Spert IS same for unpol. and pol.

= fixP(@) =0
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TMD (g,<< Q) LO Collinear (Twist-3)
r*(gr, Q) ~ H {fT qT[% (é %fﬁ(az, bT)>f71<z, bT)]} / d*Gr e+ T(qr, Q)| ~ Hro [Frr(z,z)Di(2)]

Boer, Mulders (1997);
NLO { Kang, Vitev, Xing (2013); Yoshida (2016)

Original CSS...
1 0 - .

/ Pqr 5 Tgr, Q) ~ H | — 2 fiz(w,br) | Di(z,br)
b Obr

~ b% x (log corrections) = ()
bT—>0

Improved CSS...
siv siv I ) 1qT b Tr/Siv
W (g, Q) — Wxew(ar, Q; 1, Cs) = :<—T 77) /We 0T WY (b (br), Q)
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TMD (g,<< Q) LO Collinear (Twist-3)
iby - h

r(qr,Q) ~ H {quT[7< e bT)>f71<z, bT)]} / d*Gr e+ T(qr, Q)| ~ Hro [Frr(z,z)Di(2)]

by Obr
Boer, Mulders (1997);
NLO -[Kang, Vitev, Xing (2013); Yoshida (2016)

Original CSS...
1 0 - ~
/d2§T EqTSL F<QT7 Q) ~ H _—flJ;F<x7 bT) Dl(z7 bT)
by Obr

~ b% x (log corrections) = ()
bT—>0

Improved CSS... .
siv siv I ) d=<b ’L'_’T-_’T ¥7siv
W (g7, @) — W (o, Qin. Cs) = =( n) [ G20 €5 o 0, 067), @

A

~sin — ~sin — -h 1 0 = ,J ~h/3
Fpon=0s) , fenlQn-os) — (E% f:r]/p(x,bT;QQ,uQ)> DY (2,br; Q% 1)
\

. TN &«
NOT replaced with b_(b,) b.(b;) now replaced by b.(b(b,))
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TMD (g,<< Q) LO Collinear (Twist-3)
. br-h(1 0 - N
™(ar, Q) ~ H {fT qT[ZTT <E ao. (@ bT)>D1<z, bT)]} / d*Gr e+ T(qr, Q)| ~ Hro [Frr(z,z)Di(2)]

Boer, Mulders (1997);
NLO { Kang, Vitev, Xing (2013); Yoshida (2016)

Original CSS...

1 ~ -
/dQQ_’T eI T (qr, Q) ~ H [(—ifﬁﬂ(x, bT)) Dl(z,bT)] ~ b% x (log corrections) = ()
br Obr b0
Improved CSS... .
siv siv —( 4 d*b igr-br 137siv
W (g7, @) — W (o, Qin. Cs) = =( n) [ G20 €5 o 0, 067), @

sin — sin — : ]tL 1 0 Fl.,g Nh/J
FUT(¢h ¢s) _, FUTS?IZW%) = (E% 1Tj/p($abT;Q2;MQ)> D1/3(ZabT;Q2’/‘Q)
|

NOT replaced with b_(b;) b.(b;) nmreplaced bmbc(br))
/ qr 5 Dar, Q) = Hizo | (7 M F (2,2310) ) DY (21 10) | + O(0, (@) + O((m/Q)")

The expected LO result is recovered for the Sivers (“twist-3") effect
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Towards a Global Analysis of TMD and
CT3 Observables
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1(1), > dzy 1 g, S QCD e.o.m.
H(z) = =2z H, ( )q(z) + 22 / 2 1 LH%U(%Zl) relation
2 1z T m (EOMR)

Hiz) _ _ ( d ) HEWa( ) Z/OO dzy _Hpy (2 21) orentz

1l — z2— invariance
z dz ! Z% (1/2 —1/21)* | reation (LIR)

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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“dn 1 g
HY(z) = _zsz<1>’q(z)+2z/ ! HES (2, 20) | Feo

relation
Z1 (EOMR)

Lorentz
invariance
relation (LIR)

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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PDF (x) PDF (x,I X;) FF (2) FF (z 21)
]| ||
intrinsic | kinematical dynamical intrinsic  y kinematical dynamical I

u | X | KV Her | XXX HR

LXK | X Hpyr X X| XV Hip
XY DXVl aps Ane
T X §r(1; Frr, Grr |6, % G%l), Dy, Grr

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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PDF (x,I X;) FF (zl, Z,)
Hadron l i | ) ol
Pol. | i 1 %
B dynamical dynamical
TR,S
U Hru Hp:;
~ ~ ALL transverse spin observables are
L R, driven by multi-parton correlations
FL FL
AR, ARS
T | Frr,Grr | D5y, Grp

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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Z-axis

lepton plane
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Need to perform a
“globa

I”

analysis!

Z-axis

lepton plane
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Summary

 TSSAs have been studied in both TMD processes (SIDIS, e*e;, DY) and collinear
processes (4, 1n pp & Ip collisions)

e The current TMD formalism using improved CSS (1CSS) allows one to rigorously
connect these two different types of observables

 (LIRs + EOMRs + 1CSS) = ALL transverse spin observables are driven by 3-parton
(dynamical) functions

* A global analysis of TMD AND collinear twist-3 transverse-spin observables is now

possible
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Back-up Slhides
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-Use Qiu-Sterman function extracted by Echevarria, Idilbi, Kang, Vitev (2014) from the
Sivers asymmetry in SIDIS using full TMD evolution & negligible (and opposite sign to

the data)

Lg(e) b 9 du 0* 92, @Q
firsos(: b Q) (— T,,r(z,z,c/b.) gxp —/ — ( ~ +B> exp{ b? (gi”ers+ In —)}
’ 2 c/bx K :U' Q()
(b-space) Sivers Qiu-Sterman

function function

-Use first k,-moment of Collins function and transversity PDF extracted by Kang,
Prokudin, Sun, Yuan (2016) from the Collins asymmetry in SIDIS/e*e” using full TMD

evolution
sub) Lo —3b% 1 R
A i @ QU ( o ) €350 5800 (0(Q)) i f Ay e )
(b-space) Collins first k-moment
function of Collins
function

-Do not consider piece involving H (BUT IT CANNOT BE ZERO)

(Gamberg, Kang, DP, Prokudin, PLB 770 (2017))
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STAR 12
—eo— P'P= X, V5=200(GeV), (y )=3.68

0.2 0.3 0.4 0.5 0.6 0.7 0.8

STAR 04

—&— P'P- X, Vs =200 (GeV), y =3.3- 4.1

" L

e D. Pitonyak
0.15 STAR 08
T o 0.15—
—— p' P 2°X, Vs=200 (GeV), (y )=3.7
0.05
0.05 —
0 4+—;—‘-‘ -3 0
_005 — | | | | | | | _005 —
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.1
XF
0.15
STAR 08 0.15 —
54 —e— pP'p X, Y5=200 (GeV), (y )=3.3
. <cIZ 01—
0.05
0.05 —
[
0 + *T'== 0
008 -0.05—

| =
+

| | | | | |

0.1 0.2 0.3 0.4 0.5 0.6

(Gamberg, Kang, DP, Prokudin, PLB 770 (2)(3:1 7))
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0.15
0.15 — BRAHMS 07 BRAHMS 07
P"P— m X, Vs=200(GeV), ( 6 )=2.3° P"P= ntX, Vs =200 (GeV), ( 0 )=4°
—_—— T 01— —e—r*

i~ === =
Z = - — <):z 0.05 [— _J/

0 S |
o T
o5 - ~0.05 [— ¢ 1
e S }
0.1~ 0.1
-0.15 | | | | -0.15 | | | |
0.2 0.25 0.3 0.35 0.2 0.25 0.3 0.35
Xp 23
-Confirms the original work of Kanazawa, Koike,
08 L WP fe=200(aew, (y) =87 DP, Metz (2014) that the twist-3 fragmentation
Transversity .
cotken term can dominate 4
o, A . :
< -Encouraged that we will be able to fully describe
0.05 A, through this mechanism even with the
additional constraint from the LIR — still need to
0 fit H(z)
ol -Large error due to uncertainty in transversity at

large x — can be extracted from A4, data at RHIC!
x  (Gamberg, Kang, DP, Prokudin, PLB 770 (2017))

0.3 0.4 0.5 0.6
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» TSSAs in pA collisions

STAR, preliminary
A, X=02

z
< 0.02
0.015

0.01
0.005f

0
-0.005

~l A, pp
o APAU & i

1

< 0.1

0.08

0.06}
0.04f

0.02

-0.02E

"| Preliminary

5 2

25 3
P, GeV/c

Ay X=05

'm A, pp
o A, pAu

STAR Run 15
| Vs=200 GeV

"| Preliminary

34 5 6 7 8
P, GeV/c

D. Pitonyak

2 -
< 0.05: B AN pp
0.04:—0 A, PAuU
0.03f a 0 i
o.ozf—i = o @
[ o}
oo *%
: STAR Run 15
OF Ys=200 GeV
= “ Preliminary
‘_00 N | PP PP
2 25 3 35 4 45
P; GeV/c
z -
<012k ®m A pp
0.t o A pAu
0.08f
0.06F 3§ é
0.04f % ]
0.03"
STARRun 15 |,
J Vs=200 GeV |
-0.03 Preliminary
2 3 4 5 6 7

P; GeV/c

=z
Lol AP
: Au
oo At |
0.03 5 :
0.02
0.01 STAR Run 15
0 Ys=200 GeV
| BEERES Preliminary
-0.01 2 5 5
Py GeV/c
A, X.=0.7
z STAR Run 15
<0.14F VYs=200 GeV
0'12? Preliminary
0.1F
0.08f (}f t
0.06F +
0.04f ¢
0.02}
OF
-0.02
2

= P; GeV/c

No A dependence observed up to x. = 0.7

TMD

Collaboration
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2013 expression from Metz and DP

dAcFrag 4 M : 1
g, 3A0(ST) _ _ dazMa ppphstzf /dx/dx(;HHu)A L
dSPh S(—

PR
T x't — x)

) S
< (@) f1) { [H#“” @) - s 4 L) Sy
2 oodzl 1 e, i
+ ;/z Z% 2 HFU(z’Zl)SHFU}

(1-2)
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2013 expression from Metz and DP

Frag / ' N
EhdAo‘ _}(ST) _ 405 Mh PPPhSTZZ/ /dx/dx 5(§+t+’&) 1

d3 Py, — = 8 (—a't — x1)
L(1),c
a L(1),c dH (Z) 1 1 c )
< b (o) ff(af’){[Hl T S O |~

/ +

~ A—1/3

~ AD / Include saturation corrections
A to calculate pA TSSA
(Hatta, Xiao, Yoshida, Yuan (2017))
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2013 expression from Metz and DP

dAcFrag 4 M : 1
g, 3A0(ST) _ _ dazMa ppphstzf /dx/dx(;HHu)A L
dSPh S(—

x hi(z) f(a) { [Hﬂ”’%z) —z

EOMR + LIR =

D) 5 1y
< <1 (l_L>

1 a,b,c

dH; " (2)

x't — x)

— ],sgLr “H(2) Sy

5 5 HF’U(Z’Zl)SFIF»l}

1 (1 _ 1
z zZ1

~A0

2 [*d 1 A eSS . dH;° 1 -~
‘/ 5 A0 (2 0) = HE Do) + T8 Lo
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2013 expression from Metz and DP

dA\ Frag 4 M , 1
g, 440 _}(ST): 402 M, ppphstz/ /dx/dx(;SJrHu)A L
dSPh S(—

17
1 a,b,c Tt QZ’LL)

L(1),¢
% hclz(x) f{)(il?/) { [HlJ-(l),c(z) —ZdHl ( )] S}{L + Hc( )SH

dz

“ HC,\S S@A
+ z/z 23 (1 N L>2 Fu (2 21) HF1}

z zZ1

NAO/

EOMR + LIR =

92 [ 1 PN ) dH e 1 -
—/ -l ar/e (z,21) :Hfm”(z)—i—z ! 2) — —H (2)

2 2 FU
< 1 (1 _ 1
z Z1

Calculate pieces involving the (first k,-moment of the) Collins function to
get an updated estimate for the term in blue
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0.15
0.1
<Z
0.05
0
-0.05

STAR

—=e— p' P X, s =200 (GeV), (y )=3.7

0.2

0.3 0.4 0.5

0.6

XE

Fragmentation term as the cause of A, in pp collisions is not ruled out by the STAR pA TSSA data

(Gamberg, Kang, DP, Prokudin, PLB 770 (2017))



